Aluminum alloys of the 7xxx series (AA7075) are preferred in the aerospace and automotive industries due to their low densities, high strength, good corrosion resistance properties. Additionally, these alloys show the most effective aging properties among aluminum alloys. For this reason, it is very important to determine the most appropriate aging parameters for microstructural development. Literature review reveals that the effect of pre-strain on springback has not been studied yet. In this study, the effects of aging temperature, time, and pre-strain on mechanical properties are investigated for AA7075. Precipitates present in solid solutions of AA7075 and their effects are examined. Results reveal that MgZn 2 precipitation is not observed at aging temperatures of 120 and 160 ºC. After the formation of MgZn 2 precipitates, microstructure becomes softer when aging continues at a higher temperature or longer period of time. It is clearly seen that pre-strain causes Portevin-Le Chatelier (PLC) effect after aging at 120 and 160 ºC for aging times of 30 and 90 minutes. Figure 1. Sub steps of the aging process and phase transitions with respect to aging time
Introduction
Aluminum alloys have specific characteristics depending on their chemical composition. AA 7075 alloys consists of Zn, Mg and Cu elements particularly in addition to main Al matrix. They change microstructure and give specific features effecting manufacturing processes to be applied on. Also AA7075 is very sensitive to heat treatments.
Aluminum alloys of the 7XXX series (AA7XXX) have been widely used in the aerospace industry due to their low densitiles, high strength, fracture toughness, and resistance to stress corrosion cracking [1] [2] [3] . Phases in these alloys' microstructures are key factors affecting their performance. Based on alloying elements, η(MgZn 2 ), T (Al 2 CuMg), and S (Al 2 CuMg) phases are observed as secondary phases in 7XXX series of Al-Zn-Mg-Cu alloy [4] [5] [6] [7] [8] .
The MgZn 2 phase observed in AA7075 is widely effective in deformation by formations of small precipitates in microstructure 9 . η" and η' are metastable (or non-equilibrium) transition precipitates with their own distinct crystal structure, while η is the equilibrium stable precipitate of MgZn 2 settled in grain boundaries 10 . While the T (Al 2 Mg 3 Zn 3 ) phase forms at lower Zn: Mg ratio, the hexagonal η' phase may form at higher Zn: Mg ratio in the aging process at high temperatures. These phases are formed by two consecutive steps. First, a transformation process leads a solid solution to supersaturated GP nucleus (Guinier-Preston zones). Later, GP nucleus becomes phases by following either η' → η or T' → T reactions 1 . Both steps can be done either naturally by long periods of time called "natural aging" or by means of a temperature-controlled process named "artificial aging". An aging process and phase transitions are illustrated in Fig. 1 . Fig. 1 indicates the stages of the aging process of AA7075. It consists of "dissolution, cooling, and precipitation" steps. In Fig. 1 , "dissolution" is seen at point 1 where precipitates are dissolved inside the grains under control of high temperature.
At the end of this stage, all the effects of present heat treatments (if any) are eliminated. For example, when AA7075 T6 is dissolved, just AA7075 is obtained. Aging is sensitive to cooling rate named quenching. In "precipitation" stage, aging is carried out during one-or two-, or three-step re-aging treatments.
AA7075 has good aging capability 11, 12 . From past to present, many studies have been performed to improve the aging properties of AA7075 [13] [14] [15] [16] [17] [18] [19] . It is seen that many different combinations of "temperature & duration" have been tested for artificial aging 20 . T6 tempering (aging at 120 o C for 24 hours) is widely recommended 12 . Aluminum alloys of the 7XXX series are aged by following some artificial aging steps. First of all, the nucleation of GP regions requires several hours at 107 -120 o C. The second stage is formations of MgZn 2 precipitations at 160 170 °C. The formation of these precipitate particles causes about 15% decrease in strength when compared to the T6 heat treatment 21 . As the aging time increases, the precipitates grow and start to prevent dislocation movements and cause an increase in strength. If the precipitate size exceeds the critical value, on the contrary, it makes the dislocation movements easy and causes a decrease in strength. It is seen that the distribution of small size η' phases increases the strength 15 .
It is a known fact that there is a relation between strength/ hardness and temperatures of solution heat treatment and aging. The increase in the aging temperature reduces the yield strength 22 . Clark et al. 23 study different solid solution temperatures of 420 o C, 450 o C, 480 o C, 510 o C, and 530 o C and different artificial aging temperatures of 107 o C, 121 o C, and 165 o C for AA7075. They analyze and evaluate the effective parameters. Distribution of MgZn 2 phase is seen as a result of those steps 9 . If cooling is performed rapidly, MgZn 2 phase distributions do not occur since there is not enough time for precipitation of Mg and Zn atoms 6, 9 . The MgZn 2 phase starts to appear after 150 o C temperature and the phase distributions increase as the temperature increases. In the precipitation section of aging, GP, η", η', and η phases may be seen in the microstructure. However, strength loss is considerable after 150 o C 24 . η' phase has the best strength value 25, 26 . η phase occurs in the case of over-aging but it reduces the strength 26, 27 . η' phase occurrences decrease above 190 o C 15 . At 145 o C, 165 o C, and 185 o C, both η' and η are seen, mostly η' 28 .
In addition to the material properties, springback is also decreased with increasing aging temperature and time (duration) 29 .
The term of Portevin-Le Chatelier (PLC) effect is used as to define an unstable plastic flow behavioure that may be seen as fluctuations on stress strain curves during tensile tests. This effect occurs under certain regimes of strain rate and temperature. PLC effect may occure more than once on any locations along a specimen gauge length. Because the plastic strain may be localized and that localization causes degradation of the microstructure. Degradations effect surface quality of structural parts 30 .
In this study, the effects of aging temperatures, time, and pre-strain on mechanical properties of AA7075 are investigated. Studies in the literature show that GP zones start to take form in the microstructure around 120 °C. Solid precipitations start to be formed around 170 °C, and precipitations start to change at elevated temperatures. Therefore, these values are chosen as aging temperatures. Additionally, the effect of duration and prestrain is investigated in this study. The study consists of material characterization, mechanical testing, and microstructural analysis. The originality of this study is to be comprehensive and to compare several factors on the aging process. The AA7075 material is very sensitive to temperature and aging time. So, some critical points need to be determined. For these aging parameters, precipitate formations in different aging conditions are shown by XRD method. Especially, the springback behaviors at different aging parameters have not been studied before.
Material and Method
A sheet of AA7075 material with 2 mm thickness was used in this study. The chemical composition of the material is given in Table 1 .
The material was taken into dissolution at 500 o C for 2 hours. At the end of this operation, specimens were transferred into the water at room temperature (RT) within 10 seconds for quenching. The volume of quenching water was 1 m 3 . The specimens were immersed inside the quenching water for about 1 hour. Then, artificial aging temperatures of 120 o C, 160 o C, and 200 o C were chosen for aging times of 30, 90, 180, 1080, and 2880 minutes. A 4% prestrain was applied to the specimens and tested. In fact, this pre-strain value corresponds the mean plastic deformation of body in white approximately during ovendrying. One of the aim of this study is to investigate the effect of paint baking process. Aging conditions are listed in Table 2 . XRD tests are widely used to examine and classify atomic and molecular structure of materials. The XRD test is useful to determine the phases. Tthe area under peaks gives the ratios of phases. More information about materials is obtained by numerical methods applied to XRD graphics such as Rietveld's method [31] [32] [33] [34] [35] [36] . Rietveld's method is based on the principle of curve fitting using a number of mathematical models. In the Rietveld's method, Gaussian, Lorentz, Voigt, etc. equations are used for curve fitting. Some numerical analysis programs applying Rietveld's method are MAUD (Material Analysis Using Diffraction) 37 , Profex (Rietveld Refinement) 38 and FullProf Suite (Structure Profile Refinement) 39 . The MAUD program was used in this study. A Rietveld analysis was performed on graphics obtained from XRD tests of specimens.
In this study, the XRD tests were performed with a PANalytical XRD device between 30 to 90 o at the speed of 0.05 degree/min. The XRD device has a copper anode XRD tube which makes CuKα radiation. XRD graphics are obtained to determine the presence of phases in the specimens.
For the metallographic processes, the samples were cold mounted by an epoxy filling material composed of UN3082 liquid resin and UN2259 triethylenetetramine hardener. For a good cold fixing, the ratio for hardener to resin was used as of 2/17. Then grinding, polishing, and etching was conducted respectively. Struers Labopol-5 automatic polishing machine was used for these operations. In grinding process, sandpapers composed of SiC (silicon carbide) grain and magnetite dust were used in the order of 320, 500, 1200, 2400, and 4000 grids successively. To avoid any microstructural change, samples were cooled with water during the grinding process. In the polishing process, diamonds suspensions with different grain sizes and corresponding polishing fabrics suitable for the rotating discs were used by adjusting the amount of pressure on sample and rotation speed of the driving disc. During polishing, a smaller chip size is desirable to achieve a sample surface without scratches.
For this reason, the samples were then polished with 3-0.25 μm diamond pastes to obtain a chip size approaching zero. It was taken into consideration that the grinding and the polishing time should be longer as the grain size of the grinding paper and polishing cloths decreases. In order to achieve a well-polished sample surface, a uniform contact had to be provided between sample surface and polishing fabric during polishing process. Different polishing suspensions with grain sizes such as 3 μm, 1 μm, 0.25 μm and corresponding fabrics were used respectively. To adjust the moisture content and to wet, the fabric etchant was also used during polishing. Keller's reagent (1.0 mL HF, 1.5 mL HCl, 2.5 mL HNO 3 , and 95.0 mL H 2 O) were used for etching. Etching was carried out for 8 seconds.
The microstructure images were taken with the Olympus BX-51 optical microscope which has lenses with magnifications X5-X100. On the micrographs taken byusing the X5, X10 and X20 lenses, the grains were not seen well because of the small magnification. The grains were not well focused and even one grain was too big to fit inside the image frame unfortunately when the X100 lens was used. So the lens with magnification X50 was chosen for the micrograph image in this study. Tensile and bending tests were performed on the aged specimens at a deformation speed of 25 mm/min. Vickers hardness (HV) of the samples was measured. Samples were loaded 10 kg during 15 seconds according to ASTM E92. The test specimens were cut by water jet in the rolling direction in the shape according to ASTM-E8 standard (Fig 2.a) . A 60º V-shaped bending die was used for the springback test as shown in Fig. 2.b . The experiments were carried out by a SHIMADZU Autograph AGS-X 100 kN single axis tensile testing machine. Each test was repeated at least three times and averaged. The elongations and angles of the samples were measured with a video type extensometer. Springback tests were carried out by means of image processing techniques that measure angles before and after the bending process. 
Results and Discussion

XRD Analysis
Samples with no pre-strain were examined. XRD results are shown in Fig. 3 -7 . It is a known fact that material properties are changed based on phases in microstructures.
These phases determine the material's characteristic properties, such as ductile or brittle behavior at failure. When a material is subjected to any deformation, the microstructure and therefore the XRD graph is changing. The XRD peaks shift to either the right or left side. This shift implies that internal stresses are formed in the material. The blue line in these graphs is called baseline, and the red line represents the peak of phases. Fig. 3 shows XRD results from specimens aged for 30 minutes at all different temperatures. The peaks obtained between 30-90° scanning angles are seen in Fig. 3 (a) . Its zoomed section is given in Fig. 3 (b) . Based on the peaks on the graphic, it is proven that the microstructure consists of Al and MgZn 2 phases as reported in references of 40, 41 . For 30 minutes aging time, no MgZn 2 phase was observed at all aging temperatures (120, 160, and 200 o C) as displayed in Fig. 3 (b) . The main reason was that the time was too short to form a phase. After 90 minutes, MgZn 2 phase was formed gradually as seen in Fig. 4 . With increasing aging time, MgZn 2 phase was continued to increase in volume ( Fig 5-7) . However, the amount of phase in total volume was less than 3%. All these graphs reveal that the increase in aging time results in MgZn 2 increase.
Microstructural Analysis by Optical Microscopy
Optical microscopy results of the samples obtained at elevated temperatures and aging durations are displayed in Fig. 8 taken from samples without pre-strain. It can be seen from the figures that the artificial aging has little influence on the grain size as expected. To be able to see grains and their boundaries, samples are etched using macro etching solution. No cracks/grooves are observed. No twins are seen. Grains have equiaxed shape in any direction. Line intercept length method is used (in accordance with the recommendations of ASTM E1382) for grain size determination. Size measurements are performed on each line and averaged as seen in Table 3 . Their mean size is 20 µm. When duration time is 200 °C and evaluated together with XRD results, it can be concluded that those smaller sized phases are µ phases responsible for softer structure causing easier deformability. But smaller-sized grains are not seen up to 160 °C when 30 min. duration time. They have homogeneous distribution inside main Al matrix.
The η phase is located in large precipitates (diameter> 50 µm) and on grain boundaries that can be seen just by TEM (transmission electron microscope). In this study, TEM analysis was not done, however, the TEM photographs of these phases can be seen in that reference 42 . Optical microscope photographs were provided here to give general overview about the microstructures. All these graphs indicate that grain sizes are changed with increasing temperature. Grain sizes at the different aging time are different and changed with increasing time. Grain visibility is gradually increased with increasing aging time.
Tensile Tests
Summary of tensile test results is shown in Fig. 9 -11 . Fig. 9 indicates that the stress increases with increasing aging time. Similar behavior is observed in the case where the aging temperature is 160 o C as seen in Fig. 10 . When aging temperature is 200 o C, the stress decreases with increasing aging time, unlike other aging tests at lower temperatures. The material behavior is completely opposite at higher aging temperature. The main reason is that the MgZn 2 precipitates which start to occur in microstructure as depicted in Fig. 4 -7 .
Similar tests were done for the 4% pre-strain condition. The graphs are shown in Fig. 12 -14 . At aging temperatures of 120 and 160 o C, the true stress increases and the true strain decreases with increasing aging time. At these temperatures, Portevin-Le Chatelier effect was observed for aging durations of 30 and 90 minutes. This effect was also slightly observed at 180 minutes aging. In the case of higher aging time, this effect was disappeared. At an aging temperature of 200 o C, the stress was decreased with increasing aging time. This was also due to the formation of MgZn 2 precipitates in microstructure as depicted in Fig. 7 . It is well known that yield strength decreases due to lack of strain hardening resulted from the accumulation of dislocation density and dislocation pile-ups 15 . It can be seen that dislocations dissolved at 200°C as expected.
Comparisons of material properties for pre-strained and no pre-strained cases are shown in Fig. 15 -17 . 
Springback tests
Aging duration is an affective parameter on springback. At aging temperatures of 120 and 160 o C, the amount of springback increased with increasing aging time and decreased at 200 o C as illustrated in Fig. 18 for no pre-strain case. The amount of springback according to the aging duration for samples with 4% pre-strain is given in Fig. 19 . It is clear that the behavior is similar to the case without pre-strain. However, the graphs are shifted to the left side (intersection point). 
Hardness Measurement
Vickers hardness results of the samples are shown in Fig. 20 . The hardness of the AA7075-T6 alloy is around 180 (HV). It is seen that the hardness values with increasing time at 120 and 160 o C aging temperatures approach to T6 hardness value. Hovewer, at 200 o C, hardness decreases catastrophically.
There is a relation between yield stress and hardness 29 . When Fig 20 is evaluated together with Fig 9-11 , it will be seen that as the yield stress increases, the hardness and the springback increase too.
Straightening Curves
Straightening curves are drawn by ultimate tensile strength vs. aging time. When the relationship between two variables is not a straight line, the graph of the variables will help the designer to select suitable aging time easily. These curves are commonly used for a new heating sequence design in the cases having any precipitation-hardening mechanisms. This curve exhibits required process parameters to be able to obtain peak hardness/strength values. It presents a powerful comparison opportunity by including just ultimate tensile strength values corresponding different aging durations.
One of the parameters affecting the amount of springback is yield stress. As shown in Fig. 9 -11 , at elevated temperatures yield stress decreased. Similarly, springback decreased too as shown in Fig. 18, 19 .
Peak strength usually is being achieved after GP zones where coherency is maximum between precipitates. After the peak, coherency decreases because the particle grows to a critical size. Fig. 21 gives two straightening curves. As seen, while the maximum strength is obtained at 2880 minutes for 120 and 160 °C aging temperatures, strength decreases after 30 minutes at 200 °C.
Tensile fracture morphology
Failure examinations by means of rupture photographs are called fractographic examination. It can be done by inspection macroscopic and microscopic morphology of failed sections. Cross-sections of ruptured samples are revealed by macroscopic examination as seen in Figure 22 . In the overall appearance of the surface's cross sections, both granular face and dimples are clearly visible because of typical crack propagation from one side to other side. By tracing back the crack sideview path, it can be seen that when the crack follows a straight path for AA7075 T6, sample is split off by following a 45 ° path with lateral necking for AA7075 dissolved at 500 °C. It is a sign that the cleavagelike fracture is predominated throughout section for AA7075 T6. Area including dimples is smaller than that of cleavage zone. The cleavage zones of fracture surface exhibit a rough, dull appearance with coarse grainy morphology and bright appearance due to the reflectivity of cleaved crystals. It is commonly an evidence for overstress failures. The cleavage zone points out fast fracture. It is seen that while AA7075 with T6 temper is exposed to brittle fracture, the samples dissolved exhibit ductile failures.
While Vickers hardness value of AA7075 T6 is measured as185 HV, it is 155 HV for the samples dissolved at 500. The sample in which the brittle fracture is observed is the sample with a high hardness value.
Conclusions
In this study, the effects of aging temperature, time, and pre-strain on mechanical properties are examined for AA7075. The main conclusions obtained from the investigations are as follows: MgZn 2 precipitation is not observed at aging temperatures of 120 and 160 o C. At 200 o C, MgZn 2 precipitate begins to be formed after 30 minutes of aging time and the amount of precipitation increases with increasing time. It is seen that the distribution of MgZn 2 dispersions increases the strength.
When aging continued at a higher temperature or longer time period after the formation of MgZn 2 precipitates, microstructure becomes softer. The reason is that when the precipitate size exceeds a critical value, it makes the dislocation movements easy and causes the strength to decrease. The phase change using Rietveld analysis is shown.
The increase in the aging temperature reduces the yield stress value.
Pre-strain causes Portevin-Le Chatelier effect at the aging temperatures of 120 and 160 o C for 30 and 90 minutes of aging times whereas this effect is disappeared at the longer aging time.
It is seen that while AA7075 with T6 temper is exposed to brittle fracture, the dissolved samples exhibit ductile fail. The sample in which the brittle fracture is observed is the sample with a high hardness value.
Paint baking operation usually takes 10-30 minutes at 120 o C. For this material, it is seen that these durations are insufficient, and the paint baking durations should be kept longer.
The hardness at 160 °C, 2880 min. is 89.8% bigger than that of other aging conditions and is the same as the hardness of AA7075 T6. Similarly, 86.4% is the highest difference on ultimate tensile strengths and seen at 120 °C, 2880 min. Pre-strain leads yield strength to decrease for all aging conditions. Any improvement on yield strength obtained from aged samples is not seen when compared to that of AA7075 T6.
In industry, the main challenge is to be able to overcome the deformation defects. The optimum deformation can be obtained with minimum springback and maximum elongation. It is concluded that when duration time for artificial aging is 30 min at 160 °C, the minimum springback is obtained. It leads a softer micro structure to be deformed easier and energy efficiently for complexshaped structural parts.
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